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摘 要 
 
随着储能需求的不断增长，钠离子电池作为一类有潜力的廉价能源储存体系
开始受到越来越大的关注。为了使钠离子电池在能量密度上具有更强的竞争力，
就必须发展具有较高电压的正极材料。正极材料主要可以分为两大类，即氧化物
型和聚阴离子型。其中，P2 型层状 Na-Ni-Mn-O 体系和混合聚阴离子型
Na4Fe3(PO4)2(P2O7)体系分别在两大类材料中具有相对较高的放电电压。然而，若
要使这两类材料体系发挥出较好的电化学性能，仍有许多问题亟待解决。P2 型
Na-Ni-Mn-O 体系材料面临的主要问题是放电电压和放电容量在循环过程中都会
出现快速的衰减。如果这一问题无法解决，其将严重阻碍该体系发展成为一类有
竞争力的钠离子电池正极材料体系。混合聚阴离子型 Na4Fe3(PO4)2(P2O7)体系由
于结构相对复杂，且两种聚阴离子基团在材料合成过程中容易发生混合不均匀而
导致杂相生成，因此仍需要发展新的合成方法来提高相纯度和电化学性能。此外，
其充放电过程的电化学机理也需要深入研究。针对以上问题，本论文主要从合成
和结构优化、电化学性能以及充放电机理等方面入手对 P2 型 Na-Ni-Mn-O 体系
和混合聚阴离子型 Na4Fe3(PO4)2(P2O7)体系开展系统的研究工作。 
本 文 首 先 采 用 高 温 固 相 法 合 成 了 一 系 列 Zn2+ 掺 杂 的 P2 型
Na0.66Ni0.33–xZnxMn0.67O2 （x = 0, 0.07, 0.14）材料。进而利用 X 射线衍射（XRD）、
X 射线光电子能谱（XPS）、扫描电子显微镜（SEM）、磁性分析（SQUID）、充
放电测试等技术手段对材料的结构、形貌和电化学性能进行了分析。XRD 测试
结果表明，Zn2+掺杂后材料 P2 型结构（六方晶系，空间群 P63/mmc）保持不变，
表明 Zn2+成功掺入了 P2 型 Na-Ni-Mn-O 体系的晶格之中，。XPS 和 SQUID 分析
表明，Zn2+掺杂没有显著改变材料中镍和锰的价态。SEM 研究表明，Zn2+掺杂对
材料颗粒尺寸的影响可以忽略。Na0.66Ni0.33–xZnxMn0.67O2（x = 0, 0.07, 0.14）系列
材料的颗粒尺寸都在 1 – 3 μm 范围内。电化学测试结果显示，当充电截止电压上
限设置较高（> 4.1 V）时，Na0.66Ni0.33Mn0.67O2 遭遇了快速的容量和电压衰减。
相比之下，在 Na-Ni-Mn-O 体系中引入 Zn2+离子能够显著地提高材料的容量和电
压保持率。在 3.0 – 4.0 V 电压范围内，Zn2+掺杂后材料的充放电曲线变得更加平
滑，表明 Zn2+掺杂有效抑制了钠离子嵌入/脱出过程中发生的 Na+/空位有序重排
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效应。循环过程中 4.0 V 以上充放电电压平台的容量衰减明显减小，表明材料发
生 P2-O2 相变的可逆性提高。Na0.66Ni0.26Zn0.07Mn0.67O2 在 12 mA g
–1 电流密度下
的首圈放电容量为 132 mAh g–1，平均放电电压为 3.6 V，30 圈后的容量保持率
为 89%。当以 12 mA g–1电流密度循环并扩大电压范围至 2.0 – 4.4 V进行循环时，
Na0.66Ni0.26Zn0.07Mn0.67O2 的首圈放电容量可以高达 143 mAh g
–1。 
为了进一步深入分析 Zn2+掺杂提升 P2 型 Na-Ni-Mn-O 体系材料电化学性能
的作用机理，本文采用原位X射线衍射（XRD）、X射线吸收精细结构谱（XAFS）、
透射电子显微镜（TEM）、固体核磁（SSNMR）、恒电流间歇滴定法（GITT）、
电化学阻抗谱（EIS）等技术手段和方法对 Na0.66Ni0.33–xZnxMn0.67O2 系列材料进
行了研究。原位 XRD 结果显示，在循环过程中 Na0.66Ni0.33Mn0.67O2 的结构发生
了扭曲，使得材料从六方 P2 型相转变成正交 P′2 型相，因此导致了容量和电压
的快速衰减。Zn2+掺杂后，Na0.66Ni0.26Zn0.07Mn0.67O2 在循环过程中可以发生从 P2
型到 O2 型的相变且该相变过程的可逆性较高，因此该材料具有较好的电压和容
量保持率。XAFS 谱的结果显示，Na0.66Ni0.33Mn0.67O2 和 Na0.66Ni0.26Zn0.07Mn0.67O2
的绝大部分容量由 Ni4+/Ni3+/Ni2+氧化还原电对提供，而锰离子价态不变，主要起
稳定材料结构的作用。充放电过程中，Zn2+掺杂降低了 Na-Ni-Mn-O 体系材料结
构中 Ni-O 八面体的扭曲程度并提高了扭曲的可逆性。HRTEM 结果显示，
Na0.66Ni0.33Mn0.67O2 在循环 15 圈后晶格条纹发生了明显变化，表明材料在循环过
程中发生了相变。相比之下，Na0.66Ni0.26Zn0.07Mn0.67O2 的对称性和晶格条纹没有
明显变化，表明其结构在充放电过程中具有较好的可逆性。固体核磁测试结果显
示，与 Na0.66Ni0.26Zn0.07Mn0.67O2 相比，在完全充电态时 Na0.66Ni0.33Mn0.67O2 结构
中会有更多的镍离子从过渡金属层中的八面体位迁移至钠层中的四面体位。随着
循环的进行，Na0.66Ni0.33Mn0.67O2 中 Nae位和 Naf位的钠离子含量都会逐渐减少，
但 Nae位减少的程度大于 Naf位。相比之下，在 Na0.66Ni0.26Zn0.07Mn0.67O2 中，Nae
位和 Naf位在循环过程中都保持了相对较好的嵌入/脱出可逆性。GITT 测试结果
显示，Na0.66Ni0.26Zn0.07Mn0.67O2 的钠离子扩散系数总体上大于 Na0.66Ni0.33Mn0.67O2
的扩散系数，表明 Zn2+掺杂后材料结构稳定性增强有利于提高钠离子的迁移能力。
EIS 分析表明，循环后 Zn2+掺杂材料 Na0.66Ni0.33–xZnxMn0.67O2 的传荷阻抗小于
Na0.66Ni0.33Mn0.67O2。 
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本文采用溶胶-凝胶法合成了碳包覆的 Na4Fe3(PO4)2(P2O7)纳米复合物。XRD
分析结果表明，500 oC 所合成的 Na4Fe3(PO4)2(P2O7)材料属于正交结构，空间群
为 Pn21a。合成温度超过 600 
o
C 以上会使得 Na4Fe3(PO4)2(P2O7)分解为 NaFePO4
和 Na2FeP2O7。SEM 分析结果显示，Na4Fe3(PO4)2(P2O7)颗粒尺寸小且分布较均匀，
大多数颗粒的粒径范围在 100 – 150 nm 之间。TEM 图中可以观察到颗粒表面包
覆着较均匀的碳层，厚度为 7 – 9 nm。电化学测试结果显示，在 1/20C 倍率下
Na4Fe3(PO4)2(P2O7)/C 的首圈放电容量为 110 mAh g
–1，放电电压接近 3.2 V。该材
料具有较好的长期循环稳定性，在 0.5C倍率下循环 300圈后容量保持率为 89%。
非原位和原位 XRD 结果显示，Na4Fe3(PO4)2(P2O7)的钠嵌入/脱出过程是一个单相
过程。整个过程中材料的体积变化约为 4.42%。通过固体 NMR 技术可以从实验
上观察到 Na4Fe3(PO4)2(P2O7)中有四个钠位，在充电过程中 Na3（五配位）和 Na1
（六配位）首先脱出，随后是 Na4（六配位）脱出，而 Na2（七配位）几乎没有
参与反应。这些结果表明钠离子遵循配位数越小越先脱出的规律。 
 
关键词：钠离子电池；正极材料；钠镍锰氧化物；锌掺杂；磷酸-焦磷酸铁钠；
电化学反应机理；原位 XRD；固体核磁 
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Abstract 
 
With the increasing demand for energy storage, the sodium-ion battery as one 
type of potential low-cost energy storage system has attracted considerable attention. 
In order to make sodium-ion batteries more competitive with regard to energy density, 
it is necessary to develop cathode materials that operate at higher voltages. Cathode 
materials for sodium-ion batteries can be divided into two categories, namely the 
oxide type and the polyanion type. Among them, the P2-type layered Na-Ni-Mn-O 
system and the mixed polyanionic Na4M3(PO4)2(P2O7) system both have relatively 
high discharge voltages. However, in order for these two types of material systems to 
achieve good electrochemical performance, many problems remain to be surmounted. 
Fast decay in both discharge voltage and discharge capacity is the main issue that the 
P2-type Na-Ni-Mn-O system faces. If this problem cannot be resolved, it will 
seriously hamper its development as a competitive sodium-ion battery cathode 
material. Since the structure of the mixed polyanionic Na4M3(PO4)2(P2O7) system is 
relatively complex, impurity phases can be easily formed during the synthesis process 
due to uneven mixing of two polyanionic groups. Therefore, the development of new 
synthesis methods is required for the system to show an improvement in its 
electrochemical performance. Furthermore, the mechanisms of electrochemical 
charge/discharge processes also need further study. To solve these problems, the 
synthesis and structural optimization, electrochemical performance and 
charging/discharging mechanisms of the P2-type Na-Ni-Mn-O and mixed polyanionic 
Na4M3(PO4)2(P2O7) systems were systematically studied for this thesis. 
P2-type Na0.66Ni0.33–xZnxMn0.67O2 (x = 0, 0.07, 0.14) materials were prepared 
using a high-temperature solid state method. The material structure, morphology, and 
electrochemical performance were analyzed by XRD, XPS, SEM, SQUID, and 
charge/discharge measurement techniques. The XRD results showed that Zn
2+
 ions 
were successfully incorporated into the lattice of the P2-type Na-Ni-Mn-O system 
(hexagonal lattice, space group P63/mmc) and the material structure remained 
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unchanged after the doping. XPS and SQUID results showed that Zn
2+
 doping did not 
significantly change the valence states of the nickel and manganese ions. SEM studies 
showed that the effect of Zn
2+
 doping on the material particle size could safely be 
ignored. The particle sizes of Na0.66Ni0.33–xZnxMn0.67O2 (x = 0, 0.07, 0.14) materials 
were in the range of 1 – 3 μm. Electrochemical test results showed that 
Na0.66Ni0.33Mn0.67O2 suffered from rapid capacity and voltage decay when charged to 
a higher cutoff voltage (> 4.1 V). By contrast, introducing Zn
2+
 ions into the 
Na-Ni-Mn-O system could significantly increase its capacity and voltage retention. A 
smoother charge/discharge profile can be observed between 3.0 and 4.0 V for 
Zn-doped samples, demonstrating that Na
+
/vacancy ordering could be suppressed 
during sodium insertion/extraction. Furthermore, the capacity fade of the 
charge/discharge voltage plateau above 4.0 V significantly decreased, indicating a 
higher P2-O2 phase transition reversibility. Na0.66Ni0.26Zn0.07Mn0.67O2 could deliver an 
initial capacity of 132 mAh g
–1
 at 12 mA g
–1
, with a high average voltage of 3.6 V and 
a capacity retention of 89% after 30 cycles. When cycled at 12 mA g
–1
 in a wider 
voltage range of 2.0 – 4.4 V, Na0.66Ni0.26Zn0.07Mn0.67O2 could deliver a higher initial 
capacity of 143 mAh g
–1
. 
To further analyze the mechanism of Zn
2+
 doping that improved the 
electrochemical performance of the P2-type Na-Ni-Mn-O system, many techniques, 
such as in situ X-ray diffraction (XRD), X-ray absorption fine structure spectroscopy 
(XAFS), transmission electron microscopy (TEM), solid-state nuclear magnetic 
resonance (SS-NMR), galvanostatic intermittent titration technique (GITT), and 
electrochemical impedance spectroscopy (EIS), were used in the study. In situ XRD 
results showed that the structural distortion of Na0.66Ni0.33Mn0.67O2 led to a phase 
transition from the hexagonal P2-type structure to the orthogonal P′2-type structure 
during cycling, thus resulting in a rapid decay of capacity and voltage. After Zn
2+
 
doping, the reversibility of the P2-O2 phase transition during cycling significantly 
improved, causing Na0.66Ni0.26Zn0.07Mn0.67O2 to show better capacity and voltage 
retention. XAFS results showed that the vast majority of the capacity was related to 
the Ni
4+
/Ni
3+
/Ni
2+ 
redox couple for Na0.66Ni0.33Mn0.67O2 and 
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Na0.66Ni0.26Zn0.07Mn0.67O2. In addition, the valence state of the manganese ions 
remained unchanged, which played a major role in stabilizing the structure. During 
the charge/discharge process, Zn
2+
 doping reduced the distortion degree of the Ni-O 
octahedrons in the Na-Ni-Mn-O structure, and improved the reversibility of the 
distortion. HRTEM results showed that the lattice fringes of Na0.66Ni0.33Mn0.67O2 
significantly changed after 15 cycles, indicating that the phase transition occurred 
during cycling. By contrast, the symmetry and lattice fringes of 
Na0.66Ni0.26Zn0.07Mn0.67O2 did not change significantly, suggesting that its structure 
had good stability during the charge/discharge process. SS-NMR results showed that 
compared with Na0.66Ni0.26Zn0.07Mn0.67O2, more sodium ions from 
Na0.66Ni0.33Mn0.67O2 could migrate from the octahedron sites in the transition metal 
layer to the tetrahedron sites in the sodium layer in the fully charged state. As cycling 
proceeded, the sodium content of both Nae and Naf sites for Na0.66Ni0.33Mn0.67O2 were 
reduced, but the reduction degree of Nae was greater than that of Naf. In contrast, Nae 
and Naf sites maintained a better accessibility during cycling for 
Na0.66Ni0.26Zn0.07Mn0.67O2. GITT test results showed that the sodium ion diffusion 
coefficient of Na0.66Ni0.26Zn0.07Mn0.67O2 was greater than the diffusion coefficient of 
Na0.66Ni0.33Mn0.67O2, indicating an enhancement of structural stability after Zn
2+
 
doping which helped improve the migration ability of sodium ions. EIS results 
showed further that, compared to Na0.66Ni0.33Mn0.67O2, the transfer impedances of 
zinc-substituted materials Na0.66Ni0.33–xZnxMn0.67O2 were less than that of 
Na0.66Ni0.33Mn0.67O2 after cycling. 
Carbon-coated Na4Fe3(PO4)2(P2O7) nanocomposite was synthesized via the 
sol-gel method. XRD analysis showed that Na4Fe3(PO4)2(P2O7) material synthesized 
at 500 
o
C had an orthorhombic structure with the space group Pn21a. Using a 
synthesis temperature that exceeded 600 
o
C led to the decomposition of 
Na4Fe3(PO4)2(P2O7) into NaFePO4 and Na2FeP2O7. SEM analysis showed that the 
particle size distribution of Na4Fe3(PO4)2(P2O7) was uniform, with most particles 
ranging between 100 – 150 nm. TEM analysis showed that the surfaces of the 
Na4Fe3(PO4)2(P2O7) particles were uniformly coated by 7 – 8 nm thick amorphous 
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carbon layers. Na4Fe3(PO4)2(P2O7)/C could deliver an initial capacity of 110 mAh g
–1
 
at 1/20C with a discharge voltage approaching 3.2 V. The material had good 
long-term cycling stability, retaining about 89% of the initial discharge capacity after 
300 cycles. Ex situ and in situ XRD results showed that the sodium 
insertion/extraction process for Na4Fe3(PO4)2(P2O7) was a single-phase process. The 
volume variation of the material during the whole process was about 4.42%. Using 
the solid-state NMR technique, it could be observed that there were four distinct 
sodium sites in the structure. During the charge/discharge process, Na3 (five 
coordination) and Na1 (six coordination) were extracted first, followed by Na4 (six 
coordination), with Na2 (seven coordination) barely participating in the reaction. 
These results suggested that the sodium ions with fewer coordination numbers could 
be extracted earlier. 
 
Key words：Sodium ion battery; Cathode material; Sodium nickel manganese oxide; 
Zinc doping; Sodium iron mixed phosphate-pyrophosphate; Electrochemical reaction 
mechanism; In situ XRD; Solid-state NMR 
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